The three-dimensional structure of the medium-chain acyl-CoA dehydrogenase (EC 1.3.99.3) from pig liver mitochondria has been determined to 3.0A resolution by the x-ray diffraction method. The enzyme is a tetramer of four identical 43-kDa subunits and contains one equivalent of flavin adenine dinucleotide (FAD) per subunit. The polypeptide is folded into three domains. The N-terminal and the C-terminal domains are composed mainly of a-helices, and the middle domain is packed with orthogonal (3-sheets. The FAD has an extended conformation: the flavin ring lies between the Nterminal and the (3-sheet domains, and the adenine moiety is found at the junction between the C-termiiual and the (3-sheet
domains of one subunit and the C-terminal domain of a neighboring subunit. The polypeptide chain folding near the FAD binding site is different from those observed in other flavoproteins, such as glutathione reductase and glycolate oxidase.
Medium-chain (or general) acyl-CoA dehydrogenase [acyl-CoA:(acceptor) 2,3-oxidoreductase, EC 1.3.99.3] is a soluble flavoprotein oxidoreductase that catalyzes the a,3-unsaturation ofacyl-CoA thioesters, the first step in each cycle offatty acid P-oxidation in the mitochondrial matrix (1) . Acyl-CoA thioesters are oxidized to the corresponding trans-2,3-enoyl-CoA compounds. Reoxidation of the dehydrogenase flavin and the transfer of electrons to the mitochondrial respiratory chain are catalyzed by the soluble electron-transfer flavoprotein (ETF) and the particulate ETF-ubiquinone oxidoreductase, an iron-sulfur flavoprotein (2) .
Three distinct acyl-CoA dehydrogenases have been isolated from pig liver mitochondria and are classified (1) according to their substrate chain-length specificity for short-(3), medium-(4, 5), or long-chain (6) acyl-CoA thioesters. All three enzymes have similar biochemical properties; they are tetramers with four identical subunits of 43 kDa, and each contains one flavin adenine dinucleotide (FAD) per monomer.
Considerable information has accumulated about the catalytic (7, 8) , physical (9, 10) , and chemical (11, 12) properties of the medium-chain acyl-CoA dehydrogenase. However, a detailed interpretation at the molecular level cannot be made without knowledge of the three-dimensional structure.
Two crystal forms of the enzyme that diffract to high resolution have been reported (13) . One of them, the orthorhombic form, which has a smaller crystallographic asymmetric unit, was chosen for further structural analysis by the x-ray diffraction method. The structure determination at 5.5-A resolution reported earliert used the multiple isomorphous replacement method (14) with three heavy-atom derivatives-i.e., methylmercury acetate, silver nitrate, and K2PtCI4. The electron-density map calculated with the mul-tiple isomorphous replacement phases and the result of the rotation function studies (15) showed that the molecule has 222 symmetry and each subunit has an ellipsoidal shape with approximate dimensions of 40 x 50 x 75 A.
In the present paper we report on the structure of the medium-chain acyl-CoA dehydrogenase at 3-A resolution.
EXPERIMENTAL PROCEDURE Crystals. The medium-chain acyl-CoA dehydrogenase was purified and crystallized as described (13) . The crystals used in the studies reported here are orthorhombic with unit-cell dimensions a = 128.3 A, b = 136.2 A, and c = 106.1 A, space group C2221, and contain two monomers per asymmetric unit.
Data Collection and Analysis. Data sets from a native crystal and from two heavy-atom derivative crystals (methylmercury acetate and silver nitrate) were collected to 2.4-A resolution with the Multiwire Area Detector System at the University of California, San Diego. All the data sets were collected at 40C and data collection statistics are given in Table 1 . Even though the x-ray data were recorded to 2.4-A resolution, we restricted our analysis to 3.0-A resolution (18,799 unique reflections) in the present studies. The heavyatom positions were calculated from the difference Fourier synthesis with the phases determined by the low-resolution studies.t Anomalous difference Fourier maps showed that the handedness of the heavy-atom positions was the opposite of that used in the low-resolution studies. The corrected heavy-atom positions were refined based on the "originremoved" difference Patterson method (16) . These positions were used to determine the translational component of the molecular twofold axis; the orientation (rotation matrix) was calculated from the rotation function (15) . The twofold axis was found to be at x = 0.1642, on a plane parallel to the yz plane making an angle of 330 with the y axis.
The multiple isomorphous refinement, including anomalous scattering, was carried out by using the program package PROTEIN (17) . No significant minor sites were found in difference Fourier maps of either derivative.
The overall mean figure of merit was 0.57 and the Cullis R values (18) were 0.66 and 0.72 for Hg and Ag, respectively (Tables 2 and 3 ). To improve the multiple isomorphous replacement phases, the noise-filtering procedure of Wang (19) was used. We used a solvent content of 49%, obtained by assuming two protein subunits per asymmetric unit. Sim weighting (20) was applied to the calculated phases. A total of 12 iterative cycles of filtering were performed, in both direct and reciprocal space, with a new envelope calculated after every 4 cycles. The 
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. tNo. of Friedel unique reflections and the corresponding Rsym. initial value of 0.57 to 0.82, the accumulated average phase shift was 31.90, and the R value for map inversion was 0.218. The electron-density map, calculated by using the noisefiltered phases, was averaged (21) about the molecular twofold axis and plotted on Mylar transparencies at a 3 mm/A scale (minimap). The pyrophosphate and ribose peaks were readily recognizable (the highest peaks), and the isoalloxazine ring was easily identified from the density as a flat disk (Fig. 1 ). The polypeptide chain was traced on the minimap and the approximate positions of the a-carbon atoms were recorded. A molecular model was built with an Evans and Sutherland PS330 computer graphics system with the aid of the modelbuilding program FRODO (22) ]. Since a large portion ofthe molecule has a-helix secondary structure, an idealized a-helix of polyalanine was initially used for the helix region of the structure. The polypeptide chain tracing was facilitated by use of the sequence of the human enzyme deduced from the cDNA sequence and the partial (30%o) pig enzyme sequence determined by peptide sequencing (23) . The sequence identity between human and pig enzyme sequences is about 90% for the known portion ofthe sequence. Four tryptophan residues (residues 57, 166, 175, and 317) were most easily recognized. All 13 phenylalanine, 14 tyrosine, and 3 histidine residues determined by the cDNA sequence, and some methionines (6 out of 11) and cysteines (3 out of 6) were identified. These residues were used as markers to confirm the connectivities and to maintain the chain in register. The numbering of residues in the polypeptide chain used in this paper refers to the published sequence of the human enzyme (23) after subtraction ofthe first 25 residues to account for the transport peptide.
RESULTS AND DISCUSSION
Backbone Structure. The entire backbone (382 residues out of 396 determined by the nucleotide sequence of cDNA) could be easily traced (Figs. 2 and 3) . The tracing was further confirmed by the location of heavy atoms near residue 91, which is cysteine. The end of the N-terminal region and the C-terminal end are not defined. Analysis of redissolved Temperature factors for the heavy atoms were fixed at 20 A2.
crystals revealed that two residues found in freshly prepared enzyme are missing (unpublished results). However, the following 9 residues also are not seen in either averaged or unaveraged maps ofthe two crystallographically independent monomers. Presumably this end of the polypeptide is not constrained in the crystal structure. We expect that molecular refinement and phase extension in the unaveraged map will help us to determine whether this region is disordered in both subunits in the crystallographic asymmetric unit or only in one, as in the case offlavocytochrome b2, where two ofthe four cytochrome domains are disordered (26) . Most of the side-chain densities could be defined by using the sequence information. The molecule is rich in a-helix (54%) and about 15% of the residues are in P-sheets. The exact conformation ofthe secondary structure in loop areas is not so well-defined as would be expected at this resolution. This is especially true in the loops between ,B-strands 1 and 2 and between j-strands 5 and 6, where no aromatic residues are recognized in these stretches of polypeptide. An overall view of the three-dimensional structure of a monomer of the medium-chain acyl-CoA dehydrogenase is shown in Fig. 2 Upper and a stereo drawing of the a-carbon backbone produced by a computer program written by Lesk and Hardman (24, 25) is given in Fig. 2 Lower. A schematic diagram of the topological arrangement of the secondary structure is presented in Fig. 3 . The polypeptide is folded into three domains: the N-terminal domain, the p-sheet domain, and the C-terminal domain. Both N-terminal and C-terminal domains consist mainly of antiparallel a-helices, and the middle domain is packed with two p-sheets. Helices A, B, C, D, E, and F in the N-terminal domain form a modified antiparallel a-helix bundle as observed in the hemoglobin (3 chain and in the second domain of thermolysin (27) . The C-terminal domain is a variation of the classical four-helix bundle found in cytochrome c', cytochrome b562, and myohemerythrin (27) . The middle domain is packed with two p-sheets, one with three strands (f3-strands 1, 4, and 5) and the other with four antiparallel strands (strands 2, 3, 7, and 6). The strand directions ofthe 8-sheets are almost orthogonal to each other as observed in alcohol dehydrogenase, the acid proteases, and the trypsin family (28) . The twisted p-sheets are closed at diagonally opposite corners, one made by strands 1 and 2 and the other made by strands 5 and 6. The other pair of corners splay apart. Helices A, B, C, and D of the N-terminal domain and the p-sheet domain lie at the surface, and the C-terminal domain makes the core of the Phasing power is the ratio between root-mean-square heavy-atom scattering amplitude and lack of closure error. R (Cullis) = £(Fp -FpII)/£.IFIsI (for centric reflections). tetrameric enzyme molecule. The molecule has 222 symmetry and is spherical with a diameter of about 70 A. The /3-sheets are located at the most extended surfaces, and helices H and I in the C-terminal domains make the intersubunit contacts and form an equatorial plane in the core of the globular molecule. The FAD lies close to the surface of the molecule. The distance between the two closest flavin rings in the tetramer is about 30 A.
FAD Site. FAD in the enzyme has an extended conformation (Fig. 1) , similar to the structure found in other FAD-containing enzymes such as glutathione reductase and p-hydroxybenzoate hydroxylase. The assignment of the orientation of the isoalloxazine ring shown in Fig. 1 was further confirmed by the observation ofconnectivities in the electron densities between the carbonyl oxygen of C-2 ofthe flavin ring and the peptide chain, near residue 137, suggesting that a hydrogen bond is between them. The flavin ring lies in the crevice between the N-terminal and /3-sheet domains. The adenosine diphosphate moiety is located at the junction between the C-terminal and /3-sheet domains of one subunit and the C-terminal domain of the neighboring subunit. This arrangement is very different from the chain folding of the FAD-binding domains of glutathione reductase (29) and p-hydroxybenzoate hydroxylase (30, 31) . In those cases, the FAD is located in the N-terminal domain of the enzyme subunit and the chain fold ofthe domain consists of a four-stranded parallel /-sheet sandwiched between a three-stranded antiparallel /-sheet and a-helices. It is also clear that no classical nucleotide binding domain, a /a/3 fold (32), has been observed in the vicinity of the FAD binding site. This is consistent with the fact that the amino acid sequence analyses of the human (23) and rat (33) enzymes shows no region that has clear homology to the FAD binding sites found in other FAD-binding enzymes, such as glutathione reductase, p-hydroxybenzoate hydroxylase, and lipoamide dehydrogenase (34) . The physiological electron acceptor of the acyl-CoA dehydrogenases is another protein, ETF, with a molecular mass of 59 kDa, whereas other FAD-containing proteins contain binding sites for NAD+ or NADP+ . Therefore, it is not surprising that the structure of the medium-chain acyl-CoA dehydrogenase belongs to yet another structural family, different from those observed in flavodoxins (35) , FAD-and pyridine nucleotide-dependent enzymes such as glutathione reductase and p-hydroxybenzoate hydroxylase (29, 30) , or the eight-stranded a/P barrel motif (36) as observed in the structures of the FMN-binding enzymes glycolate oxidase (37) , trimethylamine dehydrogenase (38) , and flavocytochrome b2 (26) . One of the two potential adenine binding sites predicted from the amino acid sequence analyses (23, 31) , -Gly-Ala-Gly-Ser-Asp-Val-Ala-Gly-Ile-(residues 145-153) is located near the ribosephosphate moiety of FAD. The precise nature of the interaction between the side chains of these amino acid residues and the FAD must await further refinement of the structure. Tight binding of the adenosine moiety of the acyl-CoA molecule to the enzyme has been proposed from studies using substrate analogs (7) . Spectroscopic studies of the enzyme with various substrates (39) led to the suggestion that an essential cysteine (40) or methionine (41) residue is located in a crevice near the FAD. At the present stage of structural analysis, we cannot identify any methionine or cysteine as a putative acceptor of the substrate C-2 proton near the FAD ring. Neither can we identify an "adenine-recognition loop," as observed in the crystal structure of citrate synthase (42) , that might bind to the adenine moiety of the acyl-CoA substrate, near the FAD binding site. There is enough room for acyl-CoA substrate at either side (re or si face) of the flavin ring. The stereochemistry of hydride transfer by the flavin in the acyl-CoA dehydrogenase has been determined, and it was shown that hydride-ion transfer is via the re face of the flavin ring (43) . The fatty acyl chain of the substrate may bind to the re face of the flavin ring, and upon reduction of the flavin, the protein may open up and ETF, the physiological electron acceptor, may bind to the other side of the flavin. We thank N. H. Xoung and his group for use of the multiwire area detector facility at the University of California, San Diego; Sara Vollmer for her contribution to the low-resolution study;t L. Banaszak and S. Roderick at Washington University for collecting the first set of low-resolution data and for providing the software for our CAD4 data collection system; P. Bethge (Washington University) for making many computer programs, including ROCKS, available to us; B. C. Wang (University of Pittsburgh) and W. Steigemann (Max Planck Institute, Munich) for providing their programs to us; R. Korszun of University of Wisconsin-Parkside for use of his Evans and Sutherland PS330 system; and F. S. Mathews (Washington University) and M. Ludwig (University of Michigan) for helpful comments on the protein folding. We thank Rosemary Paschke for her technical help in enzyme purification. This work was supported in part by Grant GM29076 from National Institutes of Health and by Grant PCM8400364 from the National Science Foundation. Highresolution data were collected at the Resource for Protein Crystallography at the University of California, San Diego, which is funded by National Institutes of Health Grant RR01644.
